Abstract -Although the Tonle Sap Lake is the largest natural inland lake in Southeast Asia, little is known about the spatio-temporal patterns of its composition and yields. The present paper aimed to investigate the temporal change of yields of the most dominant fish species and to evaluate the spatio-temporal changes in the fish community and the indicator species of assemblages. Fish catch data were collected from thirtythree fishing lots around the lake during the open season from October to May each year between 1994 and 2000. The fish yields were dominated by few commercial fishes: Channa micropeltes, Pangasianodon hypophthalmus, Channa striata, Cyclocheilichthys enoplos, Henicorhynchus spp., Barbonymus gonionotus, Micronema spp. and Trichopodus microlepis. The standard linear regression coefficients of the fish yields versus year were negative for all these commercial species except T. microlepis. Moreover, the total fish yields of the lake were temporally declined (standard coefficient = À2.410, adjusted r 2 = 0.272). Nonmetric multidimensional scaling of the fish assemblage data showed a clear opposition between northern assemblage and southern assemblage along the first axis, and the temporal pattern of the samples from 1994 to 1999 was explained by the second axis. The fish species assemblage from earlier years (1994 and 1995) was characterised by the abundance of all functional groups of black-white-grey fish species, but more recent years (1996)(1997)(1998)(1999) were linked to white and grey functional groups, which was explained by a decrease in many black fishes.
Introduction
The fish resource provides one of the primary sources of animal protein consumed worldwide, and income, especially for people in developing countries (Allan et al., 2005; Nelson, 2006; Welcomme et al., 2010) . In developing countries, fish protein sources are mainly derived from the harvest of natural fish stocks, while those in developed countries are produced by recreational fisheries or aquaculture (Allan et al., 2005; Welcomme et al., 2010) . Poor people in developing countries depend on the inland fisheries sources more than marine sources (McIntyre et al., 2016) . Harvesting natural fish stock has rapidly increased in developing countries but decreased in developed countries (Allan et al., 2005) . Overall, the global inland fish catch is reported to be increased because of an increase in the exploitation in Asia and Africa (FAO, 2014) and an increase in human population density (McIntyre et al., 2016) .
The Mekong River Basin lies within the Indo-Burma Biodiversity Hotspot and is the second most diverse river system in the world (Ziv et al., 2012) . It is also one of the most intensive and productive inland fisheries in the world, and the Mekong River has the second highest level of river fish biodiversity after the Amazon River (Baran et al., 2013) . It provides food sources for millions of people in the region (Baran and Myschowoda, 2008; Baran et al., 2013) . The Mekong capture fisheries made up two third of the inland fish production in the basin (Baran et al., 2007) . The Mekong fisheries are not only important for capture fisheries but also the economic value (Baran and Myschowoda, 2008) .
The Tonle Sap Lake (TSL) is a major natural reservoir in the Mekong River, and it is the largest natural inland lake in Southeast Asia (Chea et al., 2016) and a biodiversity hotspot and a World Heritage Biosphere Reserve (Lamberts, 2006) . After the African Great Lakes, the TSL has the second highest freshwater fish biodiversity in the world (Baran et al., 2013) , and it is one of the world's most productive fisheries and fish species-rich lakes . Furthermore, the TSL plays a crucial role in providing fish products and protein to nearly two million people in the region (Holtgrieve et al., 2013) , especially the communities living in the Tonle Sap System that depend on natural resources of the lake (Lamberts, 2006; Kimmu and Sarkkula, 2008) . Approximately half of Cambodian's population obtain benefits in both directly and indirectly from the TSL's fisheries resources (Keskinen et al., 2005) . The lake is not only important for ecology but also for the socio-economic and livelihood (Lamberts, 2006) .
In the Mekong River, intensive exploitation has not only been threatening large fishes, but also the overall catch and freshwater biodiversity in the region (Allan et al., 2005; Kano et al., 2013) . Moreover, the overfishing in the Mekong River threaten the capture fisheries in the TSL because of the connection between the Mekong River and the TSL via the Tonle Sap River (TSR) (Allan et al., 2005) . The overall catch has increased twice in the last decade (Baran et al., 2001) , which has resulted from an increase in fishing activities, fishing effort and the use of modern and illegal fishing practice (Allan et al., 2005) . Due to an intensive fishing, the large migratory fishes (e.g., catfish and carp) have been reported to be declined, and the overall catch is dominated by small cyprinid fishes (i.e., Henicorhynchus spp.), which accounted for 40% of the total captures (Allan et al., 2005) .
The Tonle Sap fisheries are indiscriminate in that they exploit all types and size class of fish (McCann et al., 2015) . Indiscriminate fishing is common in developing countries where fish provide the main source of dietary protein. Despites the intense pressure of fishing, fisheries of the Mekong River and the TSL are still productive. The short reproductive cycle of small fishes is believed to be the important factor influencing the fish production of the lake (Lamberts, 2006) . The life-history trait is the ecological driver that affects the population response to fishing pressure (Hsieh et al., 2006) . Moreover, the health the Mekong River and the TSL system remain good condition because the water regime and water quality are not much changed while the dam on the main Mekong River is not yet operated.
Ichthyological information for the TSL still lacks as little research has been conducted. Surveys of the fish fauna in the TSL are needed to better understand the fisheries, the fish community, and ecosystem function. By using annual fish catch data collected at thirty-three fishing lot from 1994 to 2000, the objectives of the present work were (i) to investigate the temporal change of yields of the most dominant species and (ii) to evaluate the spatio-temporal changes in the fish community and the indicator species of assemblages.
Materials and methods

Study area
Studies were carried out in the TSL located in the northwest Cambodia. The TSL is connected to the Mekong River by the TSR , and the water flows in the TSR contain two directions, namely, inflow and outflow. From May to October, water flows into the lake through the TSR due to a large volume of water from tropical monsoon rainfall combined with snowmelt from the Tibetan Plateau (Mekong River Commission, 2005) . In contrast, the water flows out from the lake into the Mekong River from November to April as the water level in the river decreases (Campbell et al., 2006) . Reverse flow resulted from the alteration of the water level between seasons (Mekong River Commission, 2005) . Seasonal flooding benefits primary and secondary production and the surface area of the lake also varies between seasons as a result of alterations to the water regime (Holtgrieve et al., 2013) .
Data collection
The TSL freshwater fish catch data were collected by the Mekong River Commission in collaboration with the Cambodian inland fisheries administration and financially supported by DANIDA (Danish international development agency) (Ly and VanZalinge, 1998) . Data were collected from thirty-three fishing lots around the lake (Fig. 1) . The sampling method was designed and approved by Department of Fisheries with technical supports from Mekong River Commission (MRC's) experts. At each fishing lot, samplings were conducted on a weekly basis (four times per month) from October 1994 to May 2000 by the provincial fisheries researchers and supervised by central fisheries researchers from the Cambodian Department of Fisheries. Data collectors were trained in the basic concepts of sampling, identification and data record. The operation of the fishing lot was performed using river barrages with U-shaped bag-nets for riverine fishing lots and arrow-shaped bamboo fence traps for the lake floodplain fishing lots. Sampling and other works for species composition were followed as the method used in the stationary trawl (Dai) fisheries (see in Halls et al., 2013) . In each sample, if the catch per unit effort (CPUE) per lift is less than 10 kg, fish were separated and identified. Subsampling is needed if the CPUE per lift is greater than 10 kg (Ly and VanZalinge, 1998) . Fish were identified to species, except for nine taxa that were identified to genus for certain genera covering several species. Identification was based on the consultation with MRC experts following the keys in (Rainboth, 1996) . To estimate the monthly catches by species in each fishing lot, the mean weight by species of samples were multiplied by the number of catch per month (Ly and VanZalinge, 1998) . Then, an estimated fish catch for the fishing lot within an open season was carried out. A dataset of fish yields (kg/ha/year), which were measured as a function of the estimated catch per fishing lot per season (kg) divided by fishing lot area (ha) for a unit of time (year), was utilized for analyses. The water level was measured in the TSR (Prek Kdam).
Statistical analyses
A dot plot was used to create a rank-yields plot of fishes. Linear models were used to detect temporal trends in yields of the most dominant fish species, the total fish yields of the lake over the past six years, and the relationship between fish yields and coefficient of variation in the water level.
Non-metric multidimensional scaling (NMDS) ordination with the Bray-Curtis dissimilarity was used to reveal the spatio-temporal changes in the fish community by using the "metaMDS()" function from the vegan R-package (Oksanen et al., 2015) . Hierarchical clustering based on the Euclidian dissymmetry distance on the NMDS scores with Ward linkage method allowed to identify the fish assemblages. Then, the cluster values were mapped using GIS to display the clustering results and the spatial distribution of fish yields around the TSL. A Mann-Whitney test was used to test for significant differences in fish yields and species richness between assemblages. Indicative species of assemblages were also defined using a multi-level pattern analysis index (R-package indicspecies, De Cáceres and Legendre, 2009).
All statistical analyses were performed using the R program v.3.1.2 for Windows statistical software package (R Core Team, 2014).
Results
3.1 Temporal trends of main commercial fishes, the lake's species richness, and fish yields
The yields-species rank plot of fishes caught by fishing lots revealed eight dominant species (Fig. 2a) that accounted for 58% of the overall fish yields from the lake: Channa micropeltes, Pangasianodon hypophthalmus, Channa striata, Cyclocheilichthys enoplos, Henicorhynchus spp., Barbonymus gonionotus, Micronema spp. and Trichopodus microlepis. The standardized linear regression coefficients of fish yields versus year were negative (indicating a temporal decreasing trend in fish yields) for all species except T. microlepis (Tab. 1). Table 1 and Figure 2b showed the significant decreasing trends in 3 species: C. micropeltes, Henicorhynchus spp., and Micronema spp. (negative standardized regression coefficient) and significantly increasing trend for T. microlepis (possitive standardized regression coefficient). Moreover, the linear model showed that the total fish yields of the lake were decreased between years (standard coefficient = À2.410, adjusted r 2 = 0.272, Fig. 2c ).
3.2 The fish yields-flood pulse relationship Figure 3 showed that the fish yields are positively correlated with a coefficient of variation in the water level (adjusted r 2 = 0.194). The fish yields were increased with an increase in the water level fluctuation.
Spatio-temporal variability in the fish community and its yields
The ichthyofauna was composed of 76 fish species distributed across 28 families and nine orders. The NMDS ordination of the fish yields data provided a stress value of 0.154, indicating a good ordination pattern. Hierarchical clustering of the NMDS scores revealed two assemblages: northern assemblage (AN), mostly located in the north of the lake, and southern assemblage (AS) primarily found in the sites of the south (Fig. 4b) . The NMDS ordination map revealed opposition between these two fish assemblages along the first axis of the ordination plane (Fig. 4a) . The black fishes were mostly associated with AN, except C. micropeltes, Channa lucius and Macrognathus siamensis which were linked to AS. White and grey fishes had wide range distribution covering both AN and AS and the estuarine fishes were only present in AS. Additionally, AN was primarily composed of the grey fish C. apogon, and AS was mostly consisting of the estuarine fish Hyporhamphus limbatus, the black fish M. siamensis, the grey fish Mystus wolffii and four white fishes: Devario aequipinnatus, Clupeichthys goniognathus, Botia spp. and Labiobarbus siamensis (Fig. 4a) . Also, the multi-level pattern analysis index revealed 36 indicative species for both assemblages: 3 in AN and 33 in AS. The indicator species for AN were gourami, T. microlepis, the climbing perch, Anabas testudineus, and Trichopodus pectoralis, all of which were black fishes. AS comprised 33 indicative species that were dominated by 19 species of white fishes followed by grey, estuarine and black fishes with 7, 5 and 2 species, respectively (see details in Tab. 2). Moreover, the AS fish yields and species richness were significantly higher than those of AN (MannWhitney test, W = 1032, p < 0.001, Fig. 4c and W = 920, p < 0.001, Fig. 4d, respectively) . Figure 5a revealed a temporal change in the samples along the second axis from 1994 to 1999. Fish species from earlier years (1994 and 1995) were correlated with the negative values of axis 2 and determined by the abundance of all black-whitegrey fish functional groups. However, the species from the recent years (1996) (1997) (1998) (1999) are in the positive part of axis 2 and linked to white and grey functional group species (Fig. 5a) . The distribution patterns of four fishing lots, namely S01, S02, S03, and P01, changed from AS to AN (Fig. 5b-d) . These shifts occurred in the fishing lots located along the border between these two assemblages.
Discussion
Temporal trends in fish yields of the main commercial fishes and total fish yields of the lake
The results suggested that the lake was dominated by few commercial fish species. Community composition follows the rule that a few species are highly abundant, many species are moderately abundant, and the remaining few species are rare (Welcomme, 1999) . Similarly, Sverdrup-Jensen (2002) found that few common species dominate the TSL. C. striata were found to be the most common snakehead in Cambodia (Rainboth, 1996) and distributed throughout the TSL (Chheng et al., 2005) . C. micropeltes was found to be the second most dominant species in Cambodia (Chheng et al., 2005) , and it is one of the ten most important fishes in the TSL (Enomoto et al., 2011) . Henicorhynchus spp. were the most important group regarding fisheries output for the Lower Mekong Basin (Poulsen et al., 2002) , and they accounted for 50% of the total annual catch of the Dai fisheries in the TSR (Halls et al., 2013). Additionally, Lim et al. (1999) explained that the TSL floodplain and the inundated forest were of significant importance for supporting large fish species because these species use this area for reproduction, feeding and spawning activities. Among the eight most important fishes, six species (except C. micropeltes and C. striata) were herbivorous, and this was the most dominant group in the lake. Herbivorous fishes were common in the inundated forest as they come to forage on the zoobenthic community (Lim et al., 1999) .
The result contributed to provide evidence that the yields of some dominant fishes and the total fish yields have declined. Here, we discuss the fishing pressure as treatment effect on the decrease in the yields of the main commercial fishes. Fishing has a direct impact on the decline in fish population (Pauly et al., 2002; Hsieh et al., 2006) . Overharvesting fish stock remains an intense pressure and result in the fisheries resources declined (Cooke and Cowx, 2004; Anderson et al., 2008; McIntyre et al., 2016) . Furthermore, besides the large commercial fishing (i.e., fishing lot operation and Dai fisheries), the mobile gear fishing at the family level is also presented in the TSL (Bonheur and Lane, 2002) . The large fish species are the primary target of catching by local fishers due to their high economic price in the market (Enomoto et al., 2011) . At first, when the ecosystem is healthy, the fishermen prefer to harvest the large fishes. It is called "fishing down the food web" phenomenon (Pauly et al., 1998) . Later, fishers catch all kind and size class of fish. The catch in the manner that all fish species and size class across the food webs were exploited is called the indiscriminate fishing (McCann et al., 2015) . Fishing has a direct influence on alteration of the fisheries production, fish composition and community, and ecosystem functioning (Anderson et al., 2008) . Lamberts (2006) said that, in the TSL, due to the intensive pressure of fishing, the decline of the large fish species in the catch was found, and the catch was dominated by the small fishes with the short reproductive cycle. Fishing could alter the fish community and caused an increase in the abundance of small fishes with rapid population growth (McCann et al., 2015) .
The yields of T. microlepis increased in the recent years while the yields of the carnivorous C. micropeltes declined. In the ecosystem, C. micropeltes is the top predator, and T. microlepis serve as prey. An increase in T. microlepis yields could be a result of a decrease in predatory fishes, especially C. micropeltes. The loss of predators could alter the community structure so that small prey fish became dominant. This result is consistent with those of previous studies stating that the TSL fisheries are now dominated by small fishes while large fishes have declined (Enomoto et al., 2011) . Moreover, catch of opportunistic species or small white fishes in the Mekong fishery was recorded (Cooperman et al., 2012) . For instance, the catch of Henicorhynchus spp. represented 50% of the Dai fishery in the TSR (Halls et al., 2013) .
Among the eight most dominant species, P. hypophthalmus, C. enoplos, Henicorhynchus spp., and B. gonionotus undertake long migrations within the Lower Mekong Basin (Rainboth, 1996; Zalinge et al., 2003) . Moreover, Halls et al. (2013) stated that these migratory species are challenged by the barrage system of river-spanning fences for Dai fishery in the TSR. Moreover, Enomoto et al. (2011) illustrated that C. micropeltes are caught to be raised in fish farming around the TSL.
The results suggested that the total fish yields of the lake were temporally decreased. Jackson et al. (2001) stated that the sustainable fisheries have rarely been found. Additionally, Allan et al. (2005) illustrated that the catch per fisherman, in the Tonle Sap System, had declined 50%. Moreover, overfishing in inland waters is occurring (Allan et al., 2005) and exploitation of fish stock appeard to have an adverse impact on the world's inland aquatic resource (McIntyre et al., 2007 (McIntyre et al., , 2016 Welcomme et al., 2010) . In the TSL, the overfishing is reported to be the major factor affecting the total fish catch volume (Lamberts, 2006) .
Relationship between fish yields and flood pulse
The results suggested that the fish yields are positively correlated with the water level fluctuation. The result is consistent with a previous study stating that the fish catch is positively linked with the flood index in the Cross River floodplain ecosystem, Nigeria (Moses, 1987) . The level and duration of flood influenced the breeding, growth, and survival of fish (Welcomme, 1999) . The seasonal flood pulse appeared to be the key factor affecting the fisheries resources in the TSL (Lamberts, 2006) . Seasonal flooding benefits primary and secondary production (Holtgrieve et al., 2013) . Moreover, the fish catch, in the floodplain system, was correlated with the flooding in the previous years (Allan et al., 2005) .
Spatial and temporal change in fish communities and its yields
The north of the lake is covered by a wetland area comprising a large flooded forest, a shrub forest and vegetation cover such as water hyacinth (Enomoto et al., 2011) . Black fishes are non-migratory, and they inhabit the lakes or swamps during the dry season and migrate to the flooded areas during (Campbell et al., 2006) . Although AN was mainly composed of grey fish C. apogon, the important indicator species of the assemblage were T. microlepis, the climbing perch, A. testudineus, and T. pectoralis. These three fishes were black fishes that migrate between the lake and the floodplain (Halls et al., 2013) and they spend most of their lifespans in the flooded forest (Campbell et al., 2006) . As stated above, the northern part of the lake covers includes an area with a large flooded forest containing healthy habitats for these black fishes. T. microlepis prefer inhabiting the areas containing vegetation cover (Lamberts, 2001) . Furthermore, the results suggested that estuarine fishes were only present in AS, and the number of indicator species of AS was also higher than those in AN. This high species richness, a large number of indicator species, and large fish yields appeared to be impacted by hydrological and geographical factors. Lim et al. (1999) stated that when the water level decreased, the migratory fishes move from the lake to the Mekong River, and they migrate back to the lake at the beginning of the rainy season. The migration of fish appeared to be the main factor that resulted in the high amount of fish captured in the inlet-outlet area of the lake (Enomoto et al., 2011) . Therefore, it is logical that this area had a significant number of indicator species and high fish yields. White fishes undergo a long migration from the lake to the tributaries of the Mekong River (Zalinge et al., 2003) . Most of the species that live in the Mekong River migrate to the lake during the rainy reason to reproduce; they spawn from May-August, likely move from the floodplain to the river in October, and migrate back in April or May (Lim et al., 1999) . This migration occurs during the open fishing season, so migratory species were captured during the study period. The biological effects of streams appeared to be the key determinant that may influence the spatial change in the fish communities. The watershed for the southern part of the lake is larger than that of the north with a sureface area of 30 098 km 2 and 20 184 km 2 , respectively (Nguyen et al., 2008) . Furthermore, Vanni et al. (2006) illustrated that the watershed area and the tributaries are the primary sources of the lake's nutrients, which were observed to be the main factors influencing fish production.
Conclusion
Based on the catch data from the fishing lot from 1994 to 2000, our study showed that the lake was dominated by few commercial fish species: C. micropeltes, P. hypophthalmus, C. striata, C. enoplos, Henicorhynchus spp., B. gonionotus, Micronema spp. and T. microlepis. All these dominant fishes were temporally declined, except T. microlepis. We noticed that the large fish species were temporally decreased and small fish species increased. Catching the larger fishes should be considered and balanced. Removal of the largest fish species that are the top predators could have a substantial top-down effect on food web dynamics. The lack of consideration on large fish harvesting could have an adverse impact on the fish community and lead unstable population change (Anderson et al., 2008) . Additionally, total fish yields of the lake were temporally declined. Balanced harvesting is recommended because it could reduce the ecological effects of fishing on components of the ecosystem. Also, the water fluctuation is a key driver characterizing the fish yields of the lake. The results showed the spatial and temporal changes in the fish communities and fish yields present in the TSL. Here, the Tonle Sap fish communities are divided into two assemblages: AS and AN. The fish yields, species richness and indicator species of the AS were significantly higher than those of AN. Thus, the AS is the potential area for both yields and species richess where should be considered for protected area. Indicator species indicated the diversity of other species, taxa or communities within an area. This information is of importance that could be used in making the decision for the particular area protection.
